Context: Metabolic abnormalities such as hypertriglyceridemia remain a challenge for optimizing long-term health in HIV-infected patients.
T HERE IS AN increased risk of cardiovascular disease associated with HIV infection and the use of antiretroviral therapy, and hyperlipidemia is one important contributing factor to this risk (1) . Dyslipidemia is likely multifactorial and has been associated with HIV infection as well as the different components of antiretroviral therapy (2) (3) (4) (5) (6) . However, attempts to achieve recommended lipid reductions with 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors and fibrates in HIV-infected patients on antiretroviral therapy have not been successful for the majority of patients (7) .
One potential contributing factor to dyslipidemia in HIVinfected patients with lipodystrophy may be inappropriately elevated rates of lipolysis and increased circulating free fatty acids (FFAs) (8 -12) . Furthermore, dyslipidemia often coexists with insulin resistance in HIV-infected patients (13) . Previously we demonstrated that individuals with HIV infection and abnormal fat distribution have increased levels of cir-culating FFAs, which are associated with visceral adiposity and predictive of insulin resistance (9) . Acute inhibition of lipolysis and subsequent lowering of circulating FFAs improves insulin sensitivity in lean and obese adults (14, 15) . In prior work, we found that acute inhibition of lipolysis in patients with HIV-associated lipodystrophy led to improved insulin sensitivity (16) , but chronic administration of lipolytic blocking agents for hyperlipidemia has not been evaluated in the HIV-infected population.
Acipimox, a nicotinic acid analog and a potent inhibitor of lipolysis, is an established available therapy for dyslipidemia outside the United States, with known efficacy in the setting of familial hypercholesterolemia (17) and in association with type II diabetes mellitus (18, 19) . For example, Fulcher et al. (18) showed improvement in lipids, as well as insulin action, in nonobese type 2 diabetics with acipimox. As a lipolytic blocking agent, acipimox results in decreases in circulating FFAs, which may in turn result in improvement in insulin sensitivity (20) . In a recent study of individuals with a strong family history of type 2 diabetes mellitus, Bajaj et al. (20) found a significant correlation between reductions in plasma FFAs and improvement in whole-body glucose disposal after 7 d of acipimox administration.
We hypothesized that chronic administration of acipimox would improve hypertriglyceridemia and insulin sensitivity among HIV-infected patients experiencing metabolic distur-bances. We completed a 3-month randomized, double-blind, placebo-controlled trial of acipimox in HIV-infected patients with hypertriglyceridemia and abnormal fat distribution. Acipimox administration resulted in significant improvements in triglycerides, sustained reductions in lipolysis, and improved glucose homeostasis.
Subjects and Methods Subjects
Between July 2003 and November 2005, 80 HIV-infected men and women were screened for possible participation in the study. Eligible subjects were between 18 and 65 yr of age with documented HIV infection, no change in antiretroviral therapy for longer than 3 months, fasting triglyceride level greater than 150 mg/dl, and evidence of abnormal fat distribution. Abnormal fat distribution or lipodystrophy was defined as evidence of one or more of the following: increased abdominal or cervical fat and/or decreased sc fat of the face, arms, or legs based on physical exam and judged by a single investigator (J.L.). Subjects were excluded for current therapy with a lipid-lowering medication or treatment with these agents in the 3 months before enrollment, current use of hormone replacement therapy, oral contraceptives for women or supraphysiologic testosterone therapy in men, fasting triglycerides greater than 1000 mg/dl, active alcohol or substance abuse, active peptic ulcer disease, history of renal failure or serum creatinine greater than 1.5 mg/dl, serious opportunistic infection within the past 3 months, hemoglobin less than 11.0 g/dl, elevated transaminase levels (aspartate aminotransferase or alanine aminotransferase Ͼ 2 ϫ the upper limit of normal), previously diagnosed diabetes mellitus, or receiving current treatment for diabetes. Written informed consent was obtained from all participants before study testing in accordance with the Massachusetts General Hospital and Massachusetts Institute of Technology institutional review boards. All research testing and visits were conducted at the Massachusetts Institute of Technology Clinical Research Center and in the Massachusetts General Hospital Radiology Department.
Study design
After eligibility was established, participants completed a detailed metabolic assessment before randomization and again 3 months after randomization. After the baseline studies, subjects were randomly assigned to acipimox (250 mg by mouth three times per day) or an identical placebo. Acipimox was provided by Pharmacia Italia (Milan, Italy) and used under a Food and Drug Administration Investigational New Drug (IND no. 59,526). Randomization was stratified by age (Ͻ vs. Ն 40 yr) and sex. The MGH research pharmacy prepared and labeled all study medication; the protocol staff and subjects were unaware of treatment assignment during the entire study.
Fasting determination of blood lipids, hemoglobin, liver transaminase levels, nonesterified fatty acids, as well as CD4 count were obtained at baseline and 3 months. In addition, insulin sensitivity and lipolysis were determined by hyperinsulinemic euglycemic clamp testing and coadministration of stable isotope tracers. Assessment of lipolysis and clamp testing were completed after a 12-h overnight fast. The tracer infusion was started at 0700 h and continued for the remainder of study (180 min in the basal state and 120 min during the insulin clamp study). 2 H 5 -glycerol, dissolved in normal saline, was administered at a rate of 0.11 mol/kg⅐min for 300 min after a priming dose of 1.6 mol/kg over 1-2 min. At 180 min, subjects received a primed infusion of 40 mU/ m 2 ⅐min of regular insulin (Humulin; Eli Lilly and Co., Indianapolis, IN) for 2 h. A variable rate of 20% dextrose was adjusted every 5 min as needed to maintain blood glucose levels at 5.0 mmol/liter (90 mg/dl). Retrograde iv blood samples obtained from a heated hand were used to approximate arterialized blood for determinations of glucose levels. Insulin sensitivity was calculated as M (milligrams glucose per kilogram lean body mass per minute) according to the technique of DeFronzo et al. (21) using data obtained during the final 20 min of the clamp procedure. The rate of appearance of glycerol (Ra glycerol) was calculated at two time points using the average of three to four samples taken every 10 min in the last 30 min of the 3-h basal state infusion and again in the last 20 min of the 2-h insulin clamp. Calculations were based on esti-mates of steady state using the following formula: Ra glycerol ϭ F/(r sa Ϫ r bk ) (1-0.00015) 5 where F ϭ infusion rate of tracer, r sa ϭ enrichment in the sample at steady-state, and r bk ϭ background enrichment of the sample before tracer administration (22) . One subject (assigned to placebo) did not have clamp testing performed due to limited iv access.
Body composition evaluation
Computed tomography scans were used to measure sc and visceral abdominal fat cross-sectional area. A single-slice abdominal computed tomography scan at the level of the L4 pedicle was performed at baseline and 3 months. Scan parameters for each image were standardized (144 table height, 80 kV, 70 mA, 2 sec, 0.25 cm ϫ 4-slice thickness, 48 field of view). Fat attenuation coefficients were set at Ϫ50 to Ϫ250 HU as described by Borkan et al. (23) . Dual-energy x-ray absorptiometry (DEXA) was used to measure lean body mass for clamp calculations and fat mass (QDR 4500A; Hologic Inc., Bedford, MA).
Intramyocellular lipid (IMCL) content of the tibialis anterior was determined by 1 H-MRS (magnetic resonance spectroscopy) in 20 subjects (10 in each treatment arm) at baseline and 3 months after randomization. All scans were performed using a 1.5-T system (Signa LX, version 8.3; GE Medical Systems, Milwaukee, WI), and fitting of all 1 H-MRS data were performed using LCModel software (version 6.0-2; S. Provencher, Oakville, Ontario, Canada) running on a Linux (RedHat, Raleigh, NC) workstation. A detailed description of the technique for 1 H-MRS data acquisition and analysis was reported previously (24, 25) .
Subjects completed 4-d food records (Minnesota Data Nutrition Systems, Minneapolis, MN) and underwent indirect calorimetry (Deltatrac II; Sensormedics, Yorba Linda, CA) to determine overall nutritional status at baseline and 3 months. Weight, height, and waist to hip ratio (WHR) were measured at each visit. In addition to the baseline and 3-month assessments, participants were evaluated at 1 and 2 months after randomization. Subjects were assessed for potential side effects, and blood samples were obtained for fasting lipid profile, creatinine, and liver transaminases. Compliance with study medication was determined by pill count at each visit.
Bioassays
Total cholesterol, high density lipoprotein cholesterol, triglyceride, glucose, creatinine and alanine aminotransferase were measured using standard techniques. Insulin levels were measured in serum using RIA (Diagnostic Products Corp. Los Angeles, CA). Intra-and interassay coefficients of variation range from 3.1-9.3 and 4.9 -10.0%, respectively. CD4 ϩ count was determined by flow cytometry (Becton Dickinson Biosciences, San Jose, CA). Nonesterified fatty acids were measured with an in vitro enzymatic colorimetric assay kit (Wako Chemicals USA, Richmond, VA). The intraassay coefficients of variation for fatty acids ranged from 1.1 to 2.7%. Low-density lipoprotein cholesterol was measured directly (Genzyme Diagnostics, Cambridge, MA).
Statistical analyses
Baseline characteristics were compared between randomization groups using Student's t test and 2 statistics for noncontinuous variables. Intent-to-treat analyses were performed. For the one subject who did not complete the study, the data from an early termination visit were used for end-of-treatment values; however, an insulin clamp study and body composition assessments were not completed at this early termination visit. Triglyceride levels are presented as the median and interquartile range (IQR) due to nonnormal distribution. IMCL data were log transformed before analysis to approximate a normal distribution. The primary end point for the study was triglyceride concentration, and a repeated-measures analysis of covariance with baseline values as a covariate was used to evaluate the effect of treatment assignment on triglyceride levels after randomization over time. For each variable representing a secondary end point, change values from baseline to 3 months were calculated, and a t test was used to compare the difference in change scores between treatment groups. Univariate correlation coefficients were calculated between continuous variables to determine the relationship between changes in lipolysis, lipids, and insulin sensitivity. All values are presented as mean (se) unless otherwise indicated, and a two-level alpha of 0.05 was used to determine statistical significance.
All statistical analyses were performed on SAS JMP software, version 6.0 (SAS Institute, Inc., Cary, NC).
Results
Thirty-one of the 80 subjects screened were deemed eligible for inclusion in the study, seven declined participation before randomization, and 24 were randomized. During the course of the study, one participant was noted to be using known lipid-lowering therapy (omega-3 fish oil and flax seed oil) and therefore was not included in the data analysis. No other subject was taking similar supplements. One subject randomized to placebo developed a creatinine level greater than 1.5 mg/dl, an a priori exclusion criterion, and therefore, participation was discontinued after approximately 2 months. There were no other dropouts or subjects lost to follow-up.
The baseline clinical characteristics of the two treatment groups are summarized in Tables 1 and 2 . Both groups were similar in age, sex, duration of HIV infection, protease inhibitor exposure, and CD4 T cell count. The subject group assigned to acipimox had a higher body mass index (BMI), compared with the group assigned to placebo, which was associated with greater sc abdominal adipose tissue area. However, the two groups did not differ with respect to baseline triglycerides [median baseline for placebo 290 mg/ dl, IQR 194 -478, and for acipimox 238 mg/dl, IQR 139 -300], FFA concentration, rates of lipolysis, or measures of insulin sensitivity.
Three months of acipimox administration resulted in significant reductions in serum triglycerides (repeated measures ANOVA, P ϭ 0.01 acipimox vs. placebo). At 3 months, subjects receiving acipimox experienced a median reduction in triglyceride of 48 mg/dl (or a 20% reduction from baseline), compared with a median increase of 58 mg/dl in subjects on placebo (a 20% increase from baseline; see Fig. 1 for monthly triglyceride medians and IQRs). This reduction in triglyceride concentration was accompanied by statistically significant reductions in FFAs and basal rates of lipolysis, compared with placebo (P Ͻ 0.001 for each, see Fig. 2 and Table 2 ). Fasting FFA levels were suppressed 68% with acipimox, compared with a 17% increase from baseline with placebo. Basal rates of lipolysis were suppressed by 50% with acipimox and increased 16% with placebo, compared with baseline.
Before randomization, insulin administration during the clamp resulted in partial suppression of lipolysis; the mean Ra glycerol in the basal state for all subjects was 2.96 (0.19) mol/kg⅐min, and this decreased by 38% to 1.85 (0.18) mol/kg⅐min during hyperinsulinemia. Administration of acipimox under hyperinsulinemic conditions resulted in a 12% greater reduction of Ra glycerol, compared with the preacipimox hyperinsulinemic condition, whereas placebo did not suppress lipolysis further during hyperinsulinemia (ϩ4% in placebo). However, this difference was not statistically significant between groups (P ϭ 0.2).
When Ra glycerol is calculated as micromoles per kilogram of body fat per minute rather than by total body mass, Whereas there was a trend toward an improvement in high-density lipoprotein (HDL) cholesterol [mean change ϩ3 (2) with acipimox vs. Ϫ2 (1) with placebo, P ϭ 0.07], this was not statistically significant. There was no significant difference between treatment groups in the change in total or low-density lipoprotein cholesterol after 3 months.
Acipimox led to increased insulin sensitivity as measured by hyperinsulinemic-euglycemic clamp testing (P ϭ 0.04, see Table 2 ). Fasting glucose decreased slightly in the acipimox group and increased in the placebo group, and this difference was statistically significant (P ϭ 0.03, see Table 2 ). The change in insulin sensitivity (M) during hyperinsulinemic steady state was significantly correlated with the change in FFAs after 3 months (r ϭ Ϫ0.62, P ϭ 0.003). Similarly, there was a strong inverse correlation between the change in M and the change in basal rates of lipolysis (r ϭ Ϫ0.59, P ϭ 0.005).
IMCL content of the anterior tibialis decreased after acipimox administration, whereas subjects receiving placebo had an increase; the difference between the two treatment groups in change in IMCL at 3 months approached statistical significance (P ϭ 0.06). There were, however, no significant changes in overall adiposity as measured by WHR, percent body fat, or abdominal visceral or sc adipose tissue area with acipimox over 3 months (Table 2) . Similarly, there were no significant differences between treatments in change of energy intake or resting energy expenditure from baseline to 3 months (data not shown).
Acipimox was well tolerated with mild itching reported by only two subjects receiving active medication, and in both cases this resolved spontaneously within 3 weeks. One subject receiving acipimox had a single episode of flushing when a dose of study medication was taken on an empty stomach; this resolved without treatment and no other such episodes occurred during the 3 months. Mild gastrointestinal side effects (e.g. diarrhea, nausea, and abdominal discomfort) were reported with equal frequency by the two groups (six subjects on acipimox vs. five subjects on placebo). Compliance with the thrice-daily dosing of study medication was very good, with 92% compliance in the placebo group and 90% compliance in the acipimox group at 3 months according to pill count.
Discussion
Hypertriglyceridemia is a common problem in HIV and is estimated to occur in over 50% of HIV-infected patients treated with antiretroviral therapy and/or experiencing lipodystrophy (13, 26) . Previous studies designed to evaluate conventional therapies for the reduction of hyperlipidemia and elevated triglycerides have met with modest or limited success (7, 27) , particularly in the setting of continued use of antiretroviral therapies known to affect lipid metabolism. In the present study, we demonstrate modest but significant reductions in triglyceride concentration in conjunction with improvements in insulin sensitivity using a lipolytic blocking agent, acipimox, in HIV-infected patients with hypertriglyceridemia.
Previous research investigating lipid metabolism in HIVinfected patients, particularly in the setting of lipodystrophy (lipoatrophy and/or central adipose accumulation), showed increased rates of lipolysis and FFA release from adipose tissue (10, 12) . Reeds et al. (11) also noted that HIV-infected men with dyslipidemia had increased FFA release, measured as the Ra of palmitate, as well as decreased very low-density lipoprotein-triglyceride clearance, compared with agematched healthy controls. Abnormal triglyceride clearance has been observed in HIV-infected patients in several other studies (6, 28) . In a rhesus monkey model, use of acipimox Values represent mean (SEM). LBM, Lean body mass; LDL, low-density lipoprotein; DEXA, Dual-energy x-ray absorptiometry; VAT, visceral adipose tissue; SAT, sc adipose tissue. Repeat evaluations for body composition were not completed on one subject who terminated participation early; therefore, n ϭ 11 for placebo and n ϭ 11 for acipimox. a P values represent results of t tests between groups at baseline. b P values represent results of t tests between group differences in mean change from baseline.
increased the fractional clearance rate of very low-density lipoprotein triglycerides (29) . Therefore, suppression of lipolysis, reductions in FFA, and potential improvement in triglyceride clearance with acipimox is a rational therapeutic approach to HIV-associated hypertriglyceridemia.
In the current study, 3 months of acipimox was associated with significant suppression of lipolysis and a 68% reduction in circulating FFAs. This was accompanied by a median triglyceride reduction of 48 mg/dl in subjects receiving acipimox and significant improvements in insulin sensitivity. Similar to the observations of Bajaj et al. (20) , who used acipimox in adults with a strong family history of type 2 diabetes, we also identified a strong inverse relationship between changes in plasma FFAs and improvements in whole-body glucose disposal. We observed an improvement of approximately 30% in M after 12 wk, and Bajaj et al. (20) found an 18% improvement in glucose disposal after 7 d of acipimox administration. These data are also consistent with observations on the short-term use of acipimox to reduce insulin levels in association with reduced FFA levels in obese adults (14) .
Two open-label trials of an extended-release niacin prep-aration in HIV-infected patients with dyslipidemia reported significant reductions in triglycerides (30, 31) . There was a substantial increase in homeostasis model assessment insulin resistance index, one of the measured indices of insulin resistance in one study (30) , but Dube et al. (31) showed that early increases in glucose at 12 wk were transient and did not persist at 24 or 48 wk. The chronic use of nicotinic acid has been associated with rebound of plasma FFAs, and previously its use in diabetes has been limited due to potential deleterious effects on glucose control. However, the use of lower-dose, extended-release preparations of niacin (1000 -1500 mg/d), which may avoid this rebound rise in FFAs, reduces triglycerides, increases HDL cholesterol, and has not consistently been associated with worsened glycemic control in type 2 diabetes (32) . Acipimox has a longer half-life than nicotinic acid, and in the dosing regimen of 250 mg three times daily, it has not been associated with worsened glucose metabolism. Fulcher et al. (18) demonstrated sustained improvement in triglycerides and insulin sensitivity among patients with type 2 diabetes after 3 months of acipimox treatment, compared with placebo. In addition, among patients with type 2 dia- . P values represent the results of t tests between groups at 3 months; there were no differences between groups at baseline. betes, Worm et al. (33) found that FFA levels rebounded after 3 d of acipimox, whereas glucose and insulin levels steadily improved. The 20% reduction in triglycerides observed in the present study is within the range of observed benefit in similar studies of acipimox in type 2 diabetes demonstrating 19 -30% reductions in triglycerides (18, 19, 34) . The continued exposure to antiretroviral therapy potentially contributing to increased lipolysis and hyperlipideima may account for the observed response to acipimox in the current study.
Increased IMCL content is associated with insulin resistance (35) and in several studies was found to be elevated in HIV-infected men and women (25, 36, 37) . In the present study, suppression of lipolysis and a reduction in the free fatty acid pool was also associated with a trend in reduction of IMCL, compared with placebo. These data are in agreement with the observations of van Loon et al. (38) , who identified significant reductions in intramuscular triglyceride content and increased intramuscular lipid use in healthy volunteers in the setting of a reduced FFA pool with acipimox. Chronic reduction in the FFA pool with acipimox may therefore lead to increased mobilization of IMCL, which in turn promotes increased insulin sensitivity.
There is evidence that acipimox directly affects lipolysis in sc adipose tissue. Using microdialysis techniques, Flechtner-Mors et al. (39) showed decreased glycerol outflow and therefore decreased lipolysis from sc fat depots among obese individuals after acipimox treatment. These data suggest a potential specific benefit of acipimox for HIV-infected patients in whom increased lipolytic rates in sc fat stores may contribute to increased FFA levels and to lipodystrophy. Furthermore, increased lipolysis in visceral adipose, coupled with increased rates of reesterification (12) , may contribute to hypertriglyceridemia in HIV, and acipimox may lead to decreases in triglyceride via this mechanism. In the present study, we did not observe changes in sc fat or body fat distribution, but the ability to detect such changes may have been limited by the small sample size and the relative short duration of the study.
The present study was designed to stratify randomization by age and sex to achieve balanced distributions in the two treatment arms on these characteristics. Whereas this was achieved, there were unanticipated differences between the two treatment groups at baseline in BMI and total cholesterol. The subjects receiving acipimox had greater mean BMI and lower mean total cholesterol. The present study was also conducted in HIV-infected patients experiencing changes in body fat distribution or lipodystrophy. Indeed, a larger trial will be necessary to reproduce these results and to determine the generalizability of the benefits of acipimox on overweight and lean HIV-infected men and women. Also, subjects in the present study were not on lipid-lowering therapy, and therefore, the additive benefit of acipimox to 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors and fibrates should also be evaluated in this population in whom lipid management is challenging.
Hypertriglyceridemia and insulin resistance are frequently recognized in HIV-infected patients and confer significant increased risk of metabolic syndrome, diabetes, and cardiovascular disease (1, 40 -42) . Acipimox is a unique medication in its documented ability to improve hyperlipidemia and insulin resistance. In the present study, we demonstrate sustained benefits in triglyceride concentration and insulin sensitivity as well as a modest increase in HDL cholesterol using this lipolytic-blocking agent in HIV-infected men and women with hypertriglyceridemia and thereby improved their overall metabolic profile. Additional investigation is warranted to establish the long-term clinical benefits of acipimox in HIV-infected patients.
